INTRODUCTION
It is well known that lignins restrict cell-wall carbohydrate degradation in maturing forages. Several studies have shown a negative correlation between lignin content and cell-wall digestibility (Jarrige, 1980; Minson, 1982 (Yamamoto et al, 1989; Terashima, 1993) , develops as lignification proceeds (Jung and Deetz, 1993) , and continues during cell-wall ageing. It is hypothesized that the lignin-carbohydrate complexes (LCCs) included in the wall structure are key elements in explaining the impact of lignins on cell-wall degradation. Soluble LCCs with predominant lignin moieties have been isolated from the rumen liquor (Gaillard and Richards, 1975; Lomax etal, 1984) . In a mechanistic model, Chesson (1993) explained the release of soluble LCCs as a consequence of the degradation of the surrounding carbohydrates. Cell walls were represented as discrete blocks with different compositions. As suggested by Wallace et al (1991) , primary layer LCC structures differed from those of the secondary layer. While other aspects of direct and indirect roles of LCCs in cell-wall degradation have been reviewed by Chesson (1988) and Jung and Ralph (1990) Leary, 1980) , and have long been suspected of reacting with carbohydrates (Freudenberg and Neish, 1968) . In this paper, frequent references will be made to radical and quinone methide reactions.
Those reactions have been summarised in figure 1 to illustrate the mechanisms described in the text. Additional information can be found in the review by Ralph and Helm (1993) . Other hypothetical reactions, which could lead to the formation of LCC bonds, and which are unrelated to lignin synthesis or occur in the cytoplasmic compartment, are also described.
Linkages involving phenolic acids
Phenolic acids are precursors of the phenylpropane units of lignins although free phenolic acids are rarely found in cell walls (Newby et al, 1980 It is now well known that grass arabinoxylans are esterified with ferulic acid. Smith and Hartley (1983) 
from wheat bran enzyme hydrolysate. Similar structures, but with a-(1->3)-linked arabinose have since been isolated (table I) . A feruloylated xyloglucan fragment 
has also been isolated from bamboo by Ishii et al (1990) . In addition to ferulic acid, grass arabinoxylans have been shown to contain p-coumaric esters, and corresponding typical fragments (eg, (table I) . The frequency of esterification of barley arabinoxylans has been estimated to be about 1 arabinosyl residue every 15 for ferulic acid, and 1 every 31 for p-coumaric acid (Mueller-Harvey et al, 1986) .
In dicots, ferulic and p-coumaric acids are found mainly associated with the pectic fraction and are about 10 times less abundant than in grasses (Jung ef al, 1983) . Feruloylated pectins have been identified in sugar beet (Rombouts and Thibault, 1986) . Fry (1982) 
which accounted for more than 60% of the total ferulic acid content of cultured spinach primary cell walls.
Feruloylation invariably occurs at the same position on polysaccharides, which strongly suggests an enzyme-mediated, site-specific phenomenon. Fry (1983) proposed an intracellular esterification at the non-reducing end of newly synthesised spinach pectins. In parsley, in vitro esterification of wall polysaccharides by radiolabelled feruloyi-CoA has been shown to occur in a microsomal subfraction derived from Golgi apparatus (Meyer et al, 1991 ) . However, Yamamoto et al (1989) (Fry, 1986) , wheat flour (Markwalder and Neukom, 1976) and bamboo (Ishii and Hiroi, 1990a) , and a diferuloyl hexasaccharide [XXAF-FAXX] has been isolated from bamboo by Ishii (1991 ) . In the cell wall, diferulic bridges probably participate in controlling cell-wall elongation (Fry and Miller, 1989) . Diphenyl structures have not been described for p-coumaric acid, whereas both ferulic and p-coumaric acids have been found in the cyclobutane dimers truxinic and truxillic acid. These dimers are the result of the photochemical coupling of esterified hydroxycinnamic acids (Hartley and Ford, 1989; Hanley et al, 1993; Turner et al, 1993) . They have mainly been observed in grasses (Hartley et al, 1990a, b) , but are also present in minute amounts in lucerne and red clover stems (Eraso and Hartley, 1990) . p-Coumaric acid may also be esterified to lignins in wheat (Smith, 1955) and bamboo (Shimada et al, 1971; Nakamura and Higuchi, 1978) . In these and in maize lignins, evidence for ether-linked p-coumaric acid has also been obtained (Nimz etal, 1981) . ).
Ferulic acid has also been shown to be etherified to lignins in an LCC fraction from bagasse (Kato et al, 1987a) . Scalbert et al (1985) observed in wheat straw that more ferulic acid (25-65%) than p-coumaric acid (5%) was etherified to lignin.
Most of the ferulic acid linkages with lignins are of the ether type while this acid is abundantly esterified to polysaccharides. In n contrast, p-coumaric acid, mostly esterified to lignins, does not seem to be etherified to polysaccharides.
The location on lignin units of ester-linked p-coumaric acids has been studied in bamboo and grass by Shimada et al (1971 ) and Nakamura and Higuchi (1978) (Iiyama et al, 1990) , ryegrass (Kondo et at, 1990a) and Phalaris (Lam et at, 1992a) . Likewise, dehydrodiferulic bridges between polysaccharides become etherified to cell-wall polymers during maturation (Lam etal, 1992b) , a reaction involving the free phenolic hydroxyls of the dimer and quinone methides.
Ether and ester linkages of phenolic acids can be differentiated by sequential treatments with sodium hydroxide (liyama et al, 1990 (Kondo etal, 1990a) , and in growing culms of sugar cane and rice (He and Terashima, 1991 (Das et al, 1984b; Fry, 1986) (Morrison, 1974; Tanner and Morrison, 1983; Ford, 1989 Ford, , 1990 . This property, confirmed on model compounds submitted to several hydride reducters, is due to the presence of the conjugated double bond (Lam et al, 1992a (Gaillard and Richards, 1975; Neilson and Richards, 1982) . Structural investigations indicated that in these complexes, glucose, xylose and rhamnose were glycosidically linked to lignins (Lomax et al, 1984) . In a study on soluble LCCs from the rumen of sheep fed ryegrass, Conchie et al (1988) found reducing xylose and glucose residues, which were throught to be ether-bound to lignins. These fractions also contained rhamnose and appreciable amounts of nitrogen. (1986) . Primary alcohol groups of glucose and mannose, and hydroxyls in positions 2 and 3 of xylose were involved, as shown by methylation. These results were obtained by using a selective degradation method with DDQ (2,3-dichloro-5,6-dicyanobenzoquinone) developed for LCC studies by Koshijima et al (1984) . DDQ oxidatively cleaves benzylic bonds in the para-position with an electron-donating group. Benzylesters (Watanabe and Koshijima, 1988) and benzylglycosides (Cornu, 1989) fig 1) . Benzylethers also arise spontaneously when phenolic compounds are mixed with sugars (Hemmingson, 1979; Leary et al, 1983) . The reactivity of the sugar functional groups decreases from carboxyls to secondary alcohols to primary alcohols, and benzylglycosidic linkages are not favoured (Tanaka et al, 1979) . Glycosidic linkages, however, have been obtained in vitro during dehydropolymerisation of coniferyl alcohol by a crude enzyme extract from aspen in the presence of free sugars (Joseleau and Kesraoui, 1986) . These authors observed a greater reactivity of arabinofuranose compared to glucopyranose.
A possible mechanism for the formation of glycosidic linkages has recently been described by Kondo et al (1990b) (Wallace, 1989) . Differences in the rate of formation of the inert layer explains differences in digestibility observed between cell walls. This model also suggests that LCCs may have both negative and positive effects on degradation.
Negative effects of LCCs
Since lignin preparations added to an in vitro fermentation system do not impede cell-wall degradation (Han et al, 1975;  Op den Camp, 1988) (Jung and Deetz, 1993) . In vitro experiments by Gressel et al (1983) have shown that polyeugenol, a lignin model polymer, inhibits cellulolysis only if it is linked to cellulose. Esterification of cinnamic acids to either isolated hemicelluloses (Jung, 1988a) or cellulose (Jung and Sahlu, 1986) will also inhibit glycanolysis. Phenylesterases are produced by rumen fungi (Borneman etal, 1990a) and bacteria (Akin et al, 1993; McDermid et al, 1990 Martin, 1990) . Likewise, isolated LCCs decrease microbial activity (Cherney et al, 1992) . However, except in microenvironments, phenolic acids are produced in subtoxic amounts (Jung and Ralph, 1990) and transformed to phenylpropanoic acid which is considered as a growth factor (Hungate and Stack, 1982) . As shown by Besle et al (1988) in a semi-continuous fermentor, it is doubtful that any consequent inhibitory effect appears in vivo. A reduction in microbial adhesion is also possible (Varel and Jung, 1986) (Gaillard and Richards, 1975) . LCCs were also found in the rumen of sheep fed ryegrass (Conchie et al, 1988) and after in vitro incubation of wheat straw (Nordkvist etal, 1989) . It is not known if the carbohydrate moiety is further degraded in the rumen, but these compounds probably precipitate in the acidic conditions found in the abomasum (Neilson and Richards, 1978) and the lignin portion is indistinguishable from other lignins in the faeces. Chesson (1981) has shown that an alkali treatment releasing 40% of barley straw lignin in association with carbohydrates, was sufficient to result in nearly complete in situ degradation of the remaining carbohydrates. Mosoni et al (1993) observed a similar degradation of wheat straw apical internode after a sodium hydroxide extraction that gave 76% delignification. The positive effect of LCC release in the rumen on carbohydrate hydrolysis may therefore be high. This effect could, however, be partly counterbalanced by some inhibitory effect of soluble LCCs on rumen enzyme activities (Jung, 1988b ). An analytical study of the net effect of transformations undergone by LCCs in the digestive tract should be of relevance.
Heterogeneity of the effects of LCCs
Chesson's model (Chesson, 1993) shows a possible variation of the nature and effects of LCCs within the different layers of the cell wall. Likewise, structural heterogeneity corresponding to diverse cell-wall architecture may also produce different effects on degradation between plant species. This is the case, for example, for differences in cellwall degradation kinetics observed between grasses and legumes. After glycanolysis of Bj6rkman LCCs, the insoluble residue from ryegrass was enriched in phenolic acids and contained more carbohydrates (arabinose and xylose) than that from alfalfa (Kondo et al, 1990c 
